Using a significantly enlarged Fermi-LAT BL Lac objects (BL Lacs) sample, we construct the gamma-ray luminosity function (GLF) of BL Lacs, by the joint use of the space density distribution and source counts distribution. We use three well-studied forms of the GLF, i.e., the forms of pure density evolution (PDE), pure luminosity evolution (PLE) and luminosity-dependent density evolution (LDDE). The Markov Chain Monte Carlo (MCMC) technique is used to constrain model parameters. Our results suggest that LDDE model can give the best description for the BL Lac GLF. And the model shows that the BL Lacs with a harder GeV spectrum and a less luminosity evolve as strongly as FSRQs, and the evolution decreases as increasing luminosity. We also model the average photon spectra of BL Lacs with a double power laws model. Using this modeled spectra, BL Lacs contribute ∼ 20% of the total extragalactic gamma-ray background (EGB) at E > 100 MeV, ∼ 100% of the EGB at E > 50 GeV, and the unresolved BL Lacs contribute ∼ 20% of the isotropic diffuse gamma-ray background (IGRB) at E > 100 MeV. A prediction of the TeV EGB spectra are given, which may be tested by the future detectors.
INTRODUCTION
One of the fundamental astrophysics problems is the origin of the extragalactic gamma-ray background (EGB) (Chiang et al. 1995; Abdo et al. 2010a; Abdo et al. 2010b) , which was first detected by the SAS-2 mission (Fichtel et al. 1975) . Later the Energetic Gamma-Ray Experiment Telescope (EGRET) on board the Compton Observatory proved that the spectrum of EGB was a featureless power law with a photon index of 2.4 in the 0.2−100 GeV band (Strong et al. 2004; Sreekumar et al. 1998; Stecker & Salamon 1996) . In the EGRET era, the observed EGB intensity above 100 MeV is 1.45(±0.05) × 10 −5 ph cm −2 s −1 sr −1 (Sreekumar et al. 1998) . Fermi-LAT has made a new measurement of the EGB spectrum, and the results show that the EGB energy spectrum between 0.1 and 820 GeV can be well represented by a power law with an exponential cutoff above ∼300 GeV (Ackermann et al. 2015a ). The total EGB and the isotropic diffuse gamma-ray background (IGRB) intensity above 100 MeV are 1.13(±0.17) × 10 −5 ph cm −2 s −1 sr −1 and 7.2(±0.6) × 10 −6 E-mail: zhd@pmo.ac.cn † E-mail: yandahai@ynao.ac.cn ph cm −2 s −1 sr −1 respectively, significantly lower than the EGRET's result. Ackermann et al. (2016) suggested that the hard Fermi-LAT sources (2FHL) can account for the EGB above 50 GeV, and this catalog 2FHL is mainly composed of the BL Lacertae objects (BL Lacs) population.
The EGB is considered to be the superposition of contributions from diffuse emission processes such as the decay or annihilation of dark matter (e.g. Jungman et al. 1996; Ullio et al. 2002) and the interactions of cosmic rays with background photons (e.g. Kalashev et al. 2009; Ahlers & Salvado 2011) , and unresolved extragalactic sources including active galactic nuclei (AGNs)(e.g. Ajello et al. 2012 Ajello et al. , 2015 Di Mauro et al. 2014a,b,c; Di Mauro & Donato 2015) , starburst galaxies (e.g. Ackermann et al. 2012; Chang & Wang 2014 ) and gamma-ray bursts (GRBs) (e.g. Casanova et al. 2007) . Among these contributors, AGNs play an important role, especially at E > 100 GeV energies. Most of Fermi-LAT AGNs are blazars, which include two main subgroups: BL Lacs and flat spectrum radio quasars (FSRQs). Based on the second Fermi-LAT AGN catalog (2LAC), the gammaray luminosity functions (GLFs) of BL Lacs and FSRQs have been constructed (e.g. Ajello et al. 2012; Ajello et al. 2014; Di Mauro et al. 2014c; Zeng et al. 2013 Zeng et al. , 2014 . Similar to the population of X-ray-selected radio-quiet AGNs, gamma-ray FSRQs show a positive cosmological evolution (e.g. Ajello et al. 2012) . BL Lacs present more complicated cosmological evolution (Ajello et al. 2014) . The evolution of most BL Lacs is positive with a space density peaking at modest redshift and low luminosity, while the high-synchrotron-peaked (HSP) BL Lacs show strong negative evolution with number density increasing for z ≤ 0.5 (Ajello et al. 2014) . Di Mauro et al. (2014c) built the GLF models using the 148 BL Lacs in the 2FGL, which have well measured redshifts and SED classification. Their results indicated that the luminositydependent density evolution (LDDE) model is preferred over the pure luminosity evolution (PLE) and the steep-spectrum radio source (SSRS) models in reproducing the whole BL Lac population. Zeng et al. (2014) also studied the the GLF of BL Lacs by using the sample of 175 BL Lacs with known redshifts in Fermi-LAT 2LAC, and found that LDDE model is better than the pure PLE model and pure density evolution (PDE) model, which is in line with Ajello et al. (2014) and Di Mauro et al. (2014c) .
A further study on cosmological evolution of BL Lacs is indispensable to better understand the origin of the EGB. In the third Fermi-LAT AGN catalog (3LAC), 604 BL Lacs are identified, which is approximately considered to be a fluxlimited Fermi sample with S 25 3.0 × 10 −12 erg cm −2 s −1 (Ackermann et al. 2015b) , among which 307 BL Lacs' redshift are measured. The redshift completeness for BL Lacs is about 50.8%. In this work, the fourth Fermi-LAT AGN catalog (4LAC) is used to revisit the GLF of BL Lacs and the contribution from BL Lacs to the EGB. The Fermi 4LAC, which is the results obtained from the first 8-years Fermi-LAT data, includes 2863 AGNs, increasing by 80% over the 3LAC (The Fermi-LAT collaboration 2019b). 650 FSRQs, 1052 BL Lacs, 1092 BCUs, and 68 other AGNs are included in Fermi 4LAC, and about 1347 sources are not reported in Fermi 3LAC. The enlarged sample of BL Lacs could improve the construction of GLF. This paper is organized as follows. In Section 2, we describe our used sample. The method and results for constructing the GLF of BL Lacs are shown in Section 3. In Section 4, the contribution of BL Lacs to the EGB and IGRB is estimated based on the our GLF. Finally, a brief conclusion and discussion is given in Section 5. Throughout this paper we adopt a cold dark matter universe with the matter density parameter Ω m = 0.315, Ω Λ = 0.685, and Hubble constant H 0 = 67.36 km s −1 Mpc −1 (Planck Collaboration et al. 2014 ).
SAMPLES
Very recently, the Fourth Fermi Large Area Telescope Catalog (4FGL; The Fermi-LAT collaboration (2019a)) report on 5065 sources with a Test Statistic (TS) value greater than 25. Most of them are active galaxies of the blazar class. Based on 4FGL, The Fermi-LAT collaboration (2019b) present the fourth catalog of active galactic nuclei (AGNs) detected by the Fermi-LAT (4LAC), containing 2863 AGNs of various types located at high Galactic latitude, i.e. |b| > 10 • . After removing the entries in 4LAC for which the corresponding gamma-ray sources were not associated with AGNs and that has more than one counterpart or are tagged for other reasons in the analysis, The Fermi-LAT collaboration (2019b) obtains a "clean" sample of 2649 sources, including 598 FSRQs, 1018 BL Lacs, 972 BCUs and 61 non-blazar AGNs. The energy flux distribution of all the Fermi sources can be seen in Figure 9 of The Fermi-LAT collaboration (2019a). The flux threshold in 4FGL is 2 × 10 −12 erg cm −2 s −1 , lower than the value 3 × 10 −12 erg cm −2 s −1 in 3FGL. Note that the redshift distributions of 3LAC and newly detected blazars have similar means and widths.
Among the 1018 BL Lacs in 4LAC, 649 BL Lacs' redshift are well measured 1 . The redshift completeness of the BL Lacs in 4LAC is about 64%, which is improved relative to 3LAC (51%). The sample of the 649 BL Lacs is used to construct new GLF.
GAMMA-RAY LUMINOSITY FUNCTION
We build the GLFs of BL Lacs by using the above sample. Here the GeV gamma-ray spectrum of each BL Lac is assumed to be a simple power-law form with photon index Γ, i.e, F γ (E) = N 0 E −Γ . We can obtain the gamma-ray luminosity L γ by (e.g. Ghisellini et al. 2009 )
where d L is the luminosity distance, S obs is the integrated flux between 100 MeV and 100 GeV, and K = (1 + z) Γ−2 is the K-correction term for the observed fluxes into the rest frames. GLF is defined as the number of sources with γ-ray luminosities in the range of L to L + dL per unit of the comoving volume element. The space density of BL Lacs as the function of L γ , z, and Γ is expressed as (e.g. Ajello et al. 2012; Ajello et al. 2014) 
where Ψ(z, L γ ) is the GLF, dN/dΓ is the intrinsic distribution of photon indices, and dV com /dz is the comoving volume element per unit redshift and unit solid angle. We adopt the mathematical forms of the GLF given by Ajello et al. (2014) , which are primarily luminosity evolution (PLE), primarily density evolution (PDE), and luminosity-dependent density evolution (LDDE).
Using the space density, we write the probability distribution as
where N exp is the expected number of source detections, and
is the detection efficiency which represents the probability of detecting a BL Lacs with L γ and Γ at redshift z.
The likelihood function for the observed data p(L γ , z, Γ | θ) can be derived, once we assume a parametric form for the space density with parameters θ. Marshall et al. (1983) gave a likelihood function based on the Poisson distribution and defined Chiang et al. 1995; Narumoto & Totani 2007; Ajello et al. 2009; Yuan et al. 2016) . Dropping the terms independent of the model parameters, one finds
where N exp is expressed as
where Ω = 10.28 sr is the the total sky coverage, which is |b| 10 • in our work. We adopt Γ min = 1.4, Γ max = 3.0, z min = 0.0, z max = 6.0, L γ,min = 4 × 10 40 erg/s and L γ,max = 10 50 erg/s.
Detection efficiency
Detection efficiency is an important factor in constructing LF. According to Abdo et al. (2010b) , (Di Mauro et al. 2014b ) and Di Mauro et al. (2018) , the detection efficiency of Fermi-LAT can be expressed as
where
, F γ,i is the width of flux bin i, N i is the number of sources in our sample, and (dN/dF γ ) theory is the theoretical value. Abdo et al. (2010b) reported that the (dN/dF γ ) theory is a broken power-law. And we can obtain result a consistent with their's, the indexes β 1 = 2.79 ± 0.46, β 2 = 2.08 ± 0.19 and the flux break F b = 6.98 ± 0.37 × 10 −8 ph cm −2 s −1 , by fitting the observed data with F γ > 1.0 × 10 −8 ph cm −2 s −1 . Figure 1 shows the detection efficiencies we evaluated for our sample, the 1FGL sample in Abdo et al. (2010b) and the 2FGL sample in Di Mauro et al. (2014b) . This method is similar to that of Di Mauro et al. (2014b) , the details are discussed in the appendix of Di Mauro et al. (2014b) . The differences between the three detection efficiencies at low fluxes are due to the different observed dN/dF γ for the three samples. Since the evaluated (dN/dF γ ) theory could be different from the real intrinsic distribution, we estimate the 1 σ error of ω(F γ ) at low-end fluxes for our sample, which will bring systematic errors to the estimation of model parameters.
Source counts distribution
In addition, we use the source counts distribution to provide additional constraints on the GLFs. Note that this source counts distribution is for the whole sample of 1018 BL Lacs. The one-dimensional source counts distribution function is evaluated as
where f = N(> F γ ) is the source counts distribution, and the theoretical source count distribution f mod,i can be written as 
Ultimately, we can define a new function S all that combines the constraints from the source count distribution and the likelihood function
The fit to the source count distribution enables us to determine the normalization constant of GLF, A, and to better constrain the GLF free parameters. This additional constraint also can be found for RLF of AGN in Willott et al. (2001) and Yuan et al. (2017) , and for LF of GRB in Lan et al. (2019) . The MCMC method (e.g. Fan et al. 2010; Yuan et al. 2011; Liu et al. 2012; Yan et al. 2013; Arjas 2015 ) is used to minimize S all and constrain the model parameters. The PDE and PLE models have a total of 10 free parameters, i.e., (A, γ 1 , L * , γ 2 , k, τ , ξ, µ * , β, and σ ), and the LDDE model has a total 12 free parameters, i.e., (A, γ 1 , L * , γ 2 , z * c , p1 * , τ, p2, α, µ * , β, and σ). Note that the parameter µ is changed with luminosity as µ(
, where σ and µ are the dispersion and the mean of the Gaussian distribution, respectively. A detailed description of those models can be found in Ajello et al. (2014) . Figure 2 . Left: The 1D probability distributions of the parameters and the best-fitted value (dashed line) for the (a) PDE, (c) PLE, and (e) LDDE models. Right: The 2D probability distributions of the parameters for the (b) PDE , (d) PLE , and (f) LDDE models. Notes.Parameter values were the best-fit parameters to the Monte Carlo sample, CL % represent the 68% containment region around the median value. Sys errlow and errup correspond to the results of using the detection efficiency ( Figure . 1) with the low-and up-end error, respectively. a In unit of Mpc −3 . Figure 2 shows the one-dimensional (1D) probability distributions and the best-fitting values, and the two-dimensional (2D) probability distributions (1 σ and 2 σ levels) of the parameters for the three models. It can be seen that all parameters of the three models are constrained well. The best-fitting values of the parameters are given in Table. 1 Figure 3 shows the best fitting results to the observed data (i.e., redshift, luminosity, photon index, and source count distribution) of our BL Lac sample by using the three models. The Akaike information criterion (AIC; Akaike (1974) ; Liddle (2007)), AIC i = 2k +S all where k is the number of model parameters and S all is twice of the log-likelihood value reported in Table. 1, is used to statistically determine the model that is preferred by the data. The relative likelihood value between two models can be evaluated as p = exp((AIC min − AIC i )/2) , where AIC min comes from the model providing the minimal AIC value (e.g. Ajello et al. 2014 ). The LDDE model has a relative likelihood with respect to the PDE model of 2.5 × 10 −4 , and to the PLE model of 8.3 × 10 −5 . Namely, the LDDE model gives the better (∼ 4σ) fitting to the data than the PDE and PLE models, which agrees with the result of Ajello et al. (2014) .
Results
Comparing with the results obtained by Ajello et al. (2014) Figure 4 shows the number density distribution (per unit comoving volume) and the evolution of the luminosity density of BL Lacs, which do not show a complex evolution. For the LDDE model, low z BL Lacs (z < z c * (L γ /10 48 ) α ∼ 0.25 with L γ = 10 44 erg/s) show negative evolution with p2 = −8.27 , which agrees with previous results, and for L γ > 10 48 erg/s, the redshift peak is ∼ 1.0. High z BL Lacs present a positive evolution with p 1 = 4.81 − 1.60(log 10 L γ − 46) The evolution slows down with increasing luminosity, and becomes non-evoluton station when L γ ∼ 10 49 , which is different from the result of Ajello et al. (2014) , but consistent with the result of Zeng et al. (2014) .
THE CONTRIBUTION TO EGB AND IGRB
The integration of the product of F γ and the space density distribution of BL Lacs over redshift, luminosity, spectral index is the energy-differential EGB, Integrating Eq 10 over energy, we can get the contribution of BL Lacs to EGB,
If we only integrate the unsolved sources, in other words, multiplying a factor of (1 − ω γ ) in the integral operation, we can get the contribution of unsolved BL Lacs to IGRB. Based on an observational fact that blazars have curved GeV spectra, we use a double power-law model (e.g. Ajello et al. 2015) for F γ ,
where γ a = Γ , γ b and E br are free parameters. Here, τ(E, z) is the optical depth of gamma-rays traveling in extragalactic background light (EBL), and we adopt the model of Finke et al. (2010) . Note that the normalizing parameter N 0 is determined by Eq. 1 with a simple power-law spectrum. Figure 5 shows the contributions from BL Lacs to EGB and IGRB spectra in different models. In the calculations, we use γ b = 2.3 and E br = 10 GeV. The predicted EGB intensities for E > 100 MeV and E > 50 GeV contributed by the BL Lacs are respectively ∼ 20% and ∼ 100% of the intensity measured by Fermi-LAT 2 . The contribution to IGRB is about 20% of the measured intensity. The specific values are listed in Table. 2. Those results are slightly higher that of Ajello et al. (2014) , Di Mauro et al. (2014c) and Ackermann et al. (2016) . Note that the EGB intensity with E > 50 GeV depends heavily on the value of parameters γ b and E br . In addition, we compute the contribution of the cascade emission of BL Lacs to the EGB (e.g. Yan et al. 2012; Zeng et al. 2014) , and find that the contribution is negligible due to intrinsic curved gamma-ray spectra.
Our estimated EGB spectra extends to ∼10 TeV. The future observation of the TeV extragalactic emission background by CTA would put stronger constraint on the evolution of BL Lacs. 
CONCLUSIONS AND DISCUSSIONS
In this paper, using an enlarged Fermi-LAT BL Las sample, we first combine the space density distribution and source counts distribution to construct the γ-ray luminosity function of BL Lacs with three commonly used forms (i.e., PLE, PDE, LDDE). The combination of the two aspects can effectively reduce the sample incompleteness and obtain the true GLF. The MCMC technique is applied for different models to obtain the best-fitting evolutionary parameters. The final fitting results show that the LDDE model can give best description for BL Lac GLF than the other two models. The best-fitting LDDE model shows that the BL Lacs with a hard GeV spectrum evolve as strongly as FSRQs, and the evolution decreases as the increasing luminosity (τ = −1.60).
Secondly, with the improved GLFs, we estimate the contribution of BL Lacs to EGB and IGRB. Based on the result of Ackermann et al. (2016) that the contribution of 2FHL sources to the EGB is close to 100 %, we constrain the mean photon spectra of BL Lacs with a double power law model. The break energy is about 10 GeV and the high-end slope is about 2.3, which is harder than the slope obtained by Ajello et al. (2015) (2.6) and by Di Mauro et al. (2018) (2.8). Our results show that BL Lacs contribute ∼ 20% of EGB at E > 100 MeV and contribute ∼ 100% of EGB at E > 50GeV. And the unresolved BL Lacs contribute about 20% of IGRB at E > 100 MeV. Those result is slight higher than that of previous researches. Predictions of TeV EGB and IGRB are also showed in Figure 5 which could be tested by future detectors. Ajello et al. (2012) suggested that the contribution from Fermi-LAT FSRQs is ∼ 9% of the IGRB intensity in the 0.1-100 GeV band. Stecker et al. (2019) found that the core dominated radio galaxies also contribute a small account ( 4%-18%) of the IGRB. Linden (2017) claimed that starforming galaxies significantly contribute to the IGRB, producing ∼ 61% of the total IGRB intensity above 1 GeV. According to these results, the entire observed IGRB can reasonably be explained by the contributions from blazars and star-forming galaxies. In other words, the contribution from real diffuse processes (e.g., the decay or annihilation of dark matter and interactions of cosmic rays with background photons) is negligible. 
